In all living organisms, coenzyme A (CoA) is an essential cofactor with a unique design allowing it to function as an acyl group carrier and a carbonyl-activating group in diverse biochemical reactions. It is synthesized in a highly conserved process in prokaryotes and eukaryotes that requires pantothenic acid (vitamin B5), cysteine and ATP. CoA and its thioester derivatives are involved in major metabolic pathways, allosteric interactions and the regulation of gene expression. A novel unconventional function of CoA in redox regulation has been recently discovered in mammalian cells and termed protein CoAlation. Here, we report for the first time that protein CoAlation occurs at a background level in exponentially growing bacteria and is strongly induced in response to oxidizing agents and metabolic stress. Over 12% of Staphylococcus aureus gene products were shown to be CoAlated in response to diamide-induced stress. In vitro CoAlation of S. aureus glyceraldehyde-3-phosphate dehydrogenase was found to inhibit its enzymatic activity and to protect the catalytic cysteine 151 from overoxidation by hydrogen peroxide. These findings suggest that in exponentially growing bacteria, CoA functions to generate metabolically active thioesters, while it also has the potential to act as a low-molecular-weight antioxidant in response to oxidative and metabolic stress.
Introduction
Coenzyme A (CoA) is a ubiquitous and essential cofactor in all living cells, where it functions as a carbonyl-activating group and a carrier for activated acyl groups in numerous metabolic and catabolic processes. The biosynthesis of CoA in prokaryotes and eukaryotes is a conserved process that requires pantothenic acid (vitamin B5), cysteine and ATP. The presence of a thiol group in the CoA structure is at the core of its biochemical behavior. In cells, CoA forms a diverse range of thioester derivatives, such as Acetyl CoA, malonyl CoA and 3-hydroxy-3-methylglutaryl (HMG) CoA, which play central roles in many biochemical reactions in protein, carbohydrate and lipid metabolism [1] [2] [3] [4] . These include the synthesis and oxidation of fatty acids, isoprenoid and cholesterol biosynthesis, amino acid metabolism, the Krebs cycle and the synthesis of peptidoglycans. In addition, CoA derivatives function as substrates for protein acylation (e.g. lysine acetylation succinylation, malonylation, propionylation and butyrylation), which has emerged as an important mechanism in the regulation of transcription, chromatin maintenance and cellular metabolism [5] [6] [7] .
One aspect of CoA biochemistry that has not been well investigated is the role of this central metabolic coenzyme in thiol-disulfide exchange reactions and redox regulation. It has been reported that CoA undergoes copper-catalyzed air oxidation at a rate which is 4-fold slower than GSH (glutathione) and 720-fold less rapidly than cysteine, making it an appropriate protective thiol in all living cells [8] . As a thiol-containing molecule, CoA has been found to form CoA disulfides (CoASSCoA) and mixed disulfides with other low-molecular-weight (LMW) thiols (e.g, CoA-cysteine and CoA-glutathione, CoASSG) or cysteine residues in specific proteins. The CoASSG heterodimer has been isolated from bacteria, yeast, human myocardial tissue and parathyroid glands [9] [10] [11] . Potent vasoconstrictive and proliferative effects of CoASSG were observed in cultured vascular smooth muscle cells [12] . CoASSG was also shown to inhibit the activity of bacterial RNA polymerase [13] .
Exposed protein thiols are the predominant targets of redox-linked regulation mediated by post-translational modifications, including oxidation, S-acylation, S-nitrosation, persulfhydration and S-thiolation [14, 15] . When the cysteine thiol group is oxidized by reactive oxygen species (ROS) to an unstable sulfenic acid intermediate, it can react with nearby thiols leading to the formation of intra-and intermolecular disulfides or mixed disulfides with LMW thiols, such as cysteine, glutathione, bacillithiol and CoA. Formed disulfides are reversible regulatory events and function to protect unstable sulfenic acids against overoxidation to sulfinic and sulfonic acids which may alter irreversibly the structure, function and subcellular localization of modified proteins [16] .
The formation of mixed disulfides between CoA and cysteines of specific proteins has been reported in several biochemical and crystallographic studies [17] [18] [19] [20] [21] . The CoA-modified forms of acetyl-CoA acetyltransferase and glutamate dehydrogenase were detected immunohistochemically in rat liver mitochondria [17, 18] . In these studies, the activity and half-life of acetyl-CoA acetyltransferase were shown to be modified by covalent attachment of CoA. Furthermore, covalent modification of phenol sulfotransferase by CoA was shown to inhibit its activity in a dose-and time-dependent manner [19] . In Klebsiella pneumoniae, CoA binding to flavodoxin NifF was found to halt the N 2 fixation by blocking electron transfer from pyruvate-flavodoxin oxidoreductase NifJ to nitrogenase NifH [20] . Covalent binding of CoA to the Bacillus subtilis organic peroxide sensor OhrR was reported, but the consequence of this modification on the transcription repressor activity of OhrR in oxidative stress response has not been examined [21] . Despite the existence of these sporadic studies, investigation into the extent of covalent protein modification by CoA and the mechanism of regulation in eukaryotes and prokaryotes has long been overdue. Recent studies from our laboratory revealed extensive covalent modification of cellular proteins by CoA in mammalian cells and tissues, which we termed protein CoAlation [22] . We showed that protein CoAlation is a reversible post-translational modification induced in mammalian cells by oxidizing agents and metabolic stress. To uncover protein CoAlation as a common post-translational modification and to reveal its role in redox regulation, we have developed a range of new research tools and methodologies, including: (a) unique anti-CoA mAbs which work efficiently in various immunological assays; (b) in vitro protein CoAlation and assay and (c) a reliable strategy for the identification of CoAlated proteins by LC-MS/MS.
In the present paper, we provide evidence that protein CoAlation occurs at a low level in Gram-negative and Gram-positive bacteria under normal growth conditions, but is strongly induced in response to oxidizing agents and metabolic stress. Approximately 12% of the predicted Staphylococcus aureus proteome was found to be CoAlated in diamide-treated bacteria. SaGAPDH (S. aureus glyceraldehyde-3-phosphate dehydrogenase), a key enzyme in glycolysis, was found to be readily CoAlated in Escherichia coli treated with hydrogen peroxide (H 2 O 2 ), diamide and sodium hypochlorite (NaOCl). Furthermore, in vitro CoAlation of recombinant SaGAPDH prevented overoxidation and irreversible loss of its activity in the presence of exogenous H 2 O 2 . Altogether, our findings suggest that in bacteria, protein CoAlation is a widespread redox-regulated post-translational modification with a potential to protect critical reactive cysteines against irreversible overoxidation.
Experimental

Reagents and chemicals
All common chemicals were obtained from Sigma-Aldrich unless otherwise stated. The generation and characterization of the anti-CoA antibody (1F10) was described recently [23] . For Western blotting, anti-CoA antibody was diluted in Odyssey blocking buffer (0.17 mg/ml) containing 0.01% Tween 20. Secondary antibodies [Alexa Fluor 680 goat antimouse IgG H&L (Life Technologies)] were diluted in Odyssey blocking buffer (1 : 10 000) containing 0.02% sodium dodecyl sulfate (SDS).
Bacterial species, growth conditions and treatments
Following bacterial species were used in the present study: E. coli SG13009 and DH5alpha, Bacillus megaterium NCTC10342 and S. aureus DSM11729. B. megaterium cells were cultured overnight in Nutrient Broth 3 (NB3) medium, while E. coli and S. aureus cells were grown in Luria Bertani (LB) medium. The overnight cultures were diluted 1 : 100 in the same media and incubated until the optical density of 0.7 at 600 nm (OD 600 ). The samples of cells were then treated with or without oxidizing agents for 30 min at 37°C: hydrogen peroxide (10 and 100 mM), diamide (2 mM) and NaOCl (150 mM). To induce metabolic stress, bacterial cultures at OD 600 of 0.7 were harvested by centrifugation and resuspended in M9 minimal medium supplemented with or without glucose as a source of carbohydrate.
Cell lysis and protein extraction
Protein extracts from harvested bacteria were prepared in the following ways: (a) the pellet of harvested E. coli, B. megaterium and S. aureus was resuspended in buffer containing 100 mM Tris-HCl, pH 7.5, 100 mM NaCl, 100 mM NEM and a cocktail of protease inhibitors (Roche). SDS was added (1% final), and the homogenate was sonicated to reduce viscosity before centrifuging at 21 000 g for 10 min at RT. The supernatant was collected and analyzed by western blotting. (b) The pellet of harvested S. aureus was resuspended in buffer containing 100 mM Tris-HCl, pH 7.5, 100 mM NaCl, 100 mM NEM and a cocktail of protease inhibitors (Roche). To solubilize cell wall proteins, lysostaphin (22 U/ml) was added and the lysate was incubated at 37°C for 30 min. After the addition of SDS (1% final), the homogenate was sonicated to reduce viscosity before centrifuging at 21 000 g for 10 min at RT. The supernatant was collected for further analysis.
Western blot analysis
Samples of bacterial extracts containing ∼30-40 mg of proteins were heated for 5 min at 99°C in SDS loading buffer with or without dithiothreitol (DTT, 100 mM final) and separated by SDS-polyacrylamide gel electrophoresis (PAGE) on 4-20% Mini-PROTEAN TGX Precast Gels (Bio-Rad Laboratories). Separated proteins were transferred from the gel to a low-fluorescence polyvinylidene fluoride membrane (Bio-Rad Laboratories), which was then blocked with Odyssey blocking buffer (LI-COR Biosciences). Primary anti-CoA antibody was diluted in Odyssey blocking buffer (0.17 mg/ml) and incubated with the membrane for 2 h at RT or overnight at 4°C. Immunoreactive protein bands were visualized using infrared dye-conjugated secondary antibodies and the Odyssey infrared imaging system (Odyssey Scanner CLx and Image Studio Lite software, LI-COR Biosciences).
Expression and affinity purification of SaGAPDH
The full coding sequence of SaGAPDH was cloned into the pQE3/SaGAPDH expression plasmid with the N-terminal His-tag sequences as previously described [24] . Expression of His-tagged SaGAPDH was carried out in exponentially growing SG13009 cells in the presence of 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG). After 3 h induction at 37°C, the cells were harvested and stored at −80°C. Affinity purification of His-tagged SaGAPDH was performed using Ni-NTA chromatography. Eluted preparations were examined by SDS-PAGE and stored at −80°C.
GAPDH enzymatic assay
Recombinant SaGAPDH activity was determined by measuring the absorbance change at 340 nm and 25°C resulting from the production of NADH. The reaction was carried out in a 150 ml assay mixture containing 20 mM Tris-HCl ( pH 8.7), 0.36 mM SaGAPDH, 1.25 mM NAD + , 1.25 mM ethylenediaminetetraacetic acid and 15 mM sodium arsenate. The reaction was started by the addition of 0.25 mM glyceraldehyde 3-phosphate. Initial reaction rates were calculated as described recently [25] , by determining the slope in the linear part of the curve during the first 80 s of the reaction (GraphPad, linear regression function). The percentage of SaGAPDH activity was calculated as: Rate of inactivated/Rate of untreated × 100%. The results are presented as mean ± SEM from at least three separate experiments.
For the inactivation experiments, SaGAPDH was preincubated with 1 mM, 10 mM, 100 mM and 10 mM H 2 O 2 for 10 min or with 10 mM CoASSCoA for 30 min. About 2 ml of the mixture was then added to the assay mixture and the remaining activity was measured as described. To reduce it, the enzyme was incubated with 10 mM DTT for 15 min. After treatments, excess H 2 O 2 , CoASSCoA and DTT were removed using Micro Biospin 6 columns (Bio-Rad).
Purification and activity assay of Nudix 7 hydrolase
Recombinant His-Nudix 7 hydrolase was expressed in bacteria and purified by Ni-NTA affinity chromatography. His-Nudix 7 (1.7 mg) was incubated in a total volume of 100 ml containing 50 mM (NH 4 )HCO and 0.2 mM CoASSG at 37°C for 20 min with or without 5 mM MgCl 2 . Reaction products and substrates were analyzed by HPLC as described, except that elution was monitored at 205 nm [26] .
Preparation and enrichment of CoAlated peptides from diamide-treated S. aureus for MS analysis
The pellet of diamide-treated S. aureus (2 mM for 30 min) was resuspended in buffer containing 100 mM TrisHCl, pH 7.5, 100 mM NaCl, 100 mM NEM and a cocktail of protease inhibitors (Roche). The lysate was incubated with lysostaphin (20 U/ml) at 37°C for 30 min to solubilize cell wall proteins. SDS was then added (1% final), and the homogenate was sonicated to reduce viscosity before centrifuging at 21 000 g for 10 min at RT. Proteins in the supernatant were precipitated with 90% methanol. The protein pellet was resuspended in 50 mM (NH 4 )HCO 3 ( pH 7.8) supplemented with 6.4 mM iodoacetamide (IAM) and digested with endoproteinases Lys C and trypsin (sequencing grade, Promega). After heat inactivation (99°C, 10 min) of digestive enzymes, CoAlated peptides were immunoprecipitated with anti-CoA antibody cross-linked to Protein G Sepharose. Trypsin digested and immunoprecipitated peptide mixtures were dried down completely in a SpeedVac and resolubilized in 20 ml of 50 mM ammonium bicarbonate (Ambic). After mixing for 2 min, 2.3 ml of 50 mM MgCl 2 was added followed by 1 ml of Nudix 7 phosphatase. The solution was incubated at 37°C for 20 min then acidified, desalted with a C 18 Stage tip that contained 1.5 ml of Poros R3 resin and partially dried in a SpeedVac. Modified peptides were further enriched using Phos-Select IMAC resin (Sigma). Desalted peptides were resuspended in 100 ml of 30% MeCN, 0.25 M acetic acid (loading solution) and 30 ml of IMAC beads, previously equilibrated with the loading solution was added. After 45 min incubation at room temperature, beads were washed four times with loading solution and CoAlated peptides were eluted twice with 500 mM imidazole ( pH 7.6) and once with 30% MeCN/500 mM imidazole ( pH 7.6). CoAlated peptides were acidified, dried and desalted with a C18 Stage tip that contained 1.5 ml of Poros R3 resin. This solution was then partially dried down using a SpeedVac and was ready for mass spectrometry analysis.
In vitro CoAlation of SaGAPDH
About 100 mg of affinity-purified SaGAPDH was CoAlated in buffer containing 50 mM Tris-HCl, pH 7.5 and 250 mM CoASSCoA for 30 min. Excess of unbound CoASSCoA was removed using Micro Biospin 6 columns (Bio-Rad).
Preparation and enrichment of CoAlated peptides from in vitro CoAlated SaGAPDH
Solution samples of in vitro CoAlated SaGAPDH (2 mg) in 50 mM ammonium bicarbonate (NH 4 CO 3 ) and 8 mM iodoacetamide were digested with endoproteinases Lys C and elastase (Promega, U.K.). To the peptide mixture, 3.1 ml of 50 mM MgCl 2 was added followed by 1.35 ml of Nudix-7 phosphatase and the mixture was incubated at 37°C for 20 min. The peptide mixture was then acidified, desalted on a C18 Stage tip (3M Empore) containing 0.7 ml of Poros R3 resin (Applied Biosystems, U.K.) and partially dried in a SpeedVac.
CoAlated peptides were enriched using Phos-Select IMAC resin (Sigma, U.K.). Desalted peptides were resuspended in 100 ml of 30% (v/v) acetonitrile (MeCN), 0.25 M acetic acid (loading solution) and 10 ml of IMAC resin, previously equilibrated with the loading solution was added. After 45 min incubation at room temperature, the resin was washed four times with loading solution and the CoAlated peptides were eluted with 500 mM imidazole ( pH 7.6) followed by 30% (v/v) MeCN/500 mM imidazole ( pH 7.6). CoAlated peptides were acidified, dried and desalted with a C18 Stage tip containing 0.5 ml of Poros R3 resin (Applied Biosystems, U.K.). The solution was then partially dried down using a SpeedVac prior to analysis by mass spectrometry.
Mass spectrometry and data acquisition
Mass spectrometry data acquisition liquid chromatography was performed on a fully automated Ultimate U3000 Nano LC System (Dionex) fitted with a 100 mm × 2 cm PepMap100 C 18 Nano-Trap column and a 75 μm × 25 cm reverse-phase PepMap100 C 18 Nano-Trap column (Dionex). Peptides were separated using an acetonitrile gradient and sprayed directly via a nano-flow electrospray ionization source into the mass spectrometer (Orbitrap Velos, Thermo Scientific). The mass spectrometer was operated in a standard datadependent mode, performed survey full scan (m/z = 350-1600) in the Orbitrap analyzer, with a resolution of 60 000 at m/z = 400, followed by MS/MS acquisitions of the 20 most intense ions in the LTQ ion trap. Maximum FTMS scan accumulation times were set at 250 ms and maximum ion trap MSn scan accumulation times were set at 200 ms. The Orbitrap measurements were internally calibrated using the lock mass of polydimethylcyclosiloxane at m/z 445.120025. Dynamic exclusion was set for 30 s with exclusion list of 500.
Data processing
LC-MS/MS raw data files were processed as standard samples using MaxQuant version 1.5.2.8, which incorporates the Andromeda search [27] . MaxQuant processed data were searched against a Uniprot -S. aureus (November 2015) database. Carbamidomethyl cysteine, acetyl N-terminal, N-ethylmaleimide cysteine, oxidation of methionines, CoAlation of cysteine with λ mass 338, 356 and 765 were set as variable modifications. For all data sets, the default parameters in MaxQuant were used, except MS/MS tolerance which was set at 0.6 Da and the second peptide ID was unselected.
Using MQ viewer, CoA_356 peptides were first visually checked. Those matched MS/MS spectra that did not have continuous 4 y or b ion series were checked manually.
Functional characterization of identified proteins
Gene ontology (GO) [28] terms describing the function(s) of the identified proteins were either extracted from UniProtKB (UniProt Release June 2017) or predicted using a protein domain-based function prediction pipeline [29, 30] . The functions of the proteins were then classified into major functional categories and protein classes were based on the inferred GO terms.
Molecular dynamics simulations
A high-resolution (1.7 Å) X-ray crystal structure of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) complexed with NAD + , from S. aureus, was obtained from the Protein DataBank (PDBID: 3LVF). Missing residues were modeled with MODELER [31] . The molecular dynamics (MD) simulations were performed using the code GROMACS 4 [32] . To enhance the sampling, we used the Metadynamics algorithm as implemented the PLUMED plug-in [33, 34] . The protein was described by the Amber99SB*-ILDN force field which includes the dihedral corrections of Best and Hummer, while CoA was parametrized with the general Amber force field (GAFF) and RESP charges derived from ab initio calculations at the Hartree-Fock level of theory [35, 36] . The system was solvated with ∼19 000 tip3p water molecules and enclosed in a dodecahedron box with periodic boundary conditions for a total of more than 60 000 atoms. The van der Waals interactions were smoothly shifted to zero between 0.8 and 1.0 nm; the long-range electrostatic interactions were calculated by the particle mesh Ewald algorithm, with mesh spaced 0.12 nm, combined with a switch function for the direct space between 0.8 and 1.0 nm for better energy conservation [37, 38] . Following an initial conjugate gradient optimization to relax the structure and remove possible atomic clashes, a brief NPT equilibration was run with a Berendsen thermostat and target pressure of 1 bar. The system evolved in the canonical ensemble with a time step of 2 fs and was coupled with a velocity-rescale thermostat to maintain the temperature at 300 K.
Statistical analysis
Where appropriate, values are given as means ± SEM. Graphs were produced and statistics were calculated using GraphPad Prism (version 6.07 for Windows, GraphPad Software, La Jolla, CA, U.S.A.; www.graphpad. com).
Results
Oxidizing agents induce strong protein CoAlation in bacteria
Bacteria employ a diverse range of molecular mechanisms to cope with ROS/reactive nitrogen species and to repair the resulting damage [39] . These include the production of antioxidant enzymes (superoxide dismutase, catalases and peroxiredoxins) and LMW thiols (glutathione, bacillithiol and mycothiol). While significant progress has been made to understand the antioxidant function of glutathione and to some extent bacillithiol and mycothiol, the role of the small thiol CoA in redox regulation in bacteria remains to be elucidated. This was mainly due to the lack of specific antibodies which can recognize CoA in various immunological assays and a reliable mass spectrometry-based protocol for identifying CoA-modified peptides in CoAlated proteins. The developed research tools and methodologies and the identification of extensive protein CoAlation in mammalian cells induced by oxidizing agents and metabolic stress prompted us to investigate the magnitude and relevance of this post-translational modification in bacteria [22] . To do so, we used both Gram-negative (E. coli) and Gram-positive (S. aureus and B. megaterium) bacteria, which have different expression profiles of LMW thiols. In Gram-negative bacteria and eukaryotes, glutathione is the major LMW thiol and antioxidant; however, it is absent in most Gram-positive bacteria. Instead, the differential expression of bacillithiol and mycothiol has been reported in different species of Gram-positive bacteria, where they function as a thiol redox buffer in the detoxification of ROS, toxins and antibiotics [40] . In contrast, CoA is a ubiquitous and highly expressed LMW thiol in all living cells, whose function has been mainly associated with the regulation of cellular metabolism and gene expression.
Initially, we examined the effect of H 2 O 2 on protein CoAlation in E. coli, B. megaterium and S. aureus. Here, bacteria were grown to mid-log phase (OD 600 = 0.7) in rich medium (LB medium for E. coli and S. aureus; NB3 medium for B. megaterium) at 37°C and then treated with and without 10 or 100 mM H 2 O 2 . After 30 min, cells were collected and bacterial protein extracts were prepared as described in the Experimental procedures. Separation of protein extracts under non-reducing conditions and Western blot analysis with anti-CoA antibody 1F10 revealed a weak immunoreactive signal in control samples and cells treated with 10 mM H 2 O 2 ( Figure 1A ). However, exposure of cells to 100 mM H 2 O 2 induced readily detectable protein CoAlation in all three bacterial species. These data indicate that bacteria can cope efficiently with oxidative stress induced by 10 mM H 2 O 2 , without engaging CoA in the antioxidant response. We also observed extensive protein CoAlation in cells treated with the disulfide stress inducer diamide at a concentration of 2 mM. Notably, the pattern of CoA-modified proteins in cells treated with H 2 O 2 and diamide was similar except for several differentially CoAlated proteins ( Figure 1A ). Hypochlorous acid (HOCl) is produced by neutrophils to kill engulfed bacteria and is commonly used as an antimicrobial disinfectant [41] . The bactericidal effect of HOCl is associated with the production of various ROS. LMW thiols, such as GSH, protect bacteria from HOCl by direct interaction and the formation of less harmful substances. The treatment of bacteria with NaOCl was shown to induce the formation of mixed disulfides between LMW thiols and proteins, mediated by the disulfide exchange mechanism [25, 42] . The treatment of exponentially growing bacteria with 100 mM NaOCl showed the strongest induction of protein CoAlation, when compared with control, H 2 O 2 or diamide. The pattern of protein CoAlation differed significantly from that of H 2 O 2 -or diamide-treated cells. Ponceau staining of protein blots revealed that the treatment of cells with 100 mM NaOCl caused a significant change in the pattern of separated proteins, when compared with control and H 2 O 2 -or diamide-treated cells ( Figure 1A ).
To demonstrate that the protein-CoA binding involves a reversible disulfide bond formation, the disulfide reducing agent DTT was added to protein extracts before SDS-PAGE analysis. As shown in Figure 1B , the presence of 200 mM DTT in the sample buffer efficiently abrogated immunoreactive signal in H 2 O 2 -and diamide-treated cells. In case of hypochlorite stress, the reduction of protein-CoA disulfide bonds was not complete and possibly required a higher DTT concentration in the sample buffer.
To find out whether protein CoAlation is a reversible post-translational modification, exponentially growing E. coli, B. megaterium and S. aureus were treated with 2 mM diamide for 30 min. Bacteria were harvested by centrifugation and then incubated in fresh LB or NB3 media for various periods of time to recover from the oxidative stress. As shown in Figure 2 , diamide-induced protein CoAlation in E. coli was reversed to the level of untreated cells in a time-dependent manner. The reversibility of protein CoAlation in B. megaterium and S. aureus also occurred in a time-dependent manner, but did not reach baseline levels within 60 min. 
Induction of protein CoAlation by glucose deprivation
Bacteria have evolved elaborate strategies that enable them to adapt to challenging growth environments. When the nutrient supply becomes limiting, bacteria employ general starvation-response mechanisms, such as the stringent response and carbon catabolite repression, which are associated with ROS production and oxidative stress [43] . We were interested to examine whether under nutrient deprivation CoA is also used for S-thiolation of redox-sensitive cysteine residues, resulting in the formation of mixed disulfides with proteins. Taking into account that the examined bacterial species use carbon catabolism for energy generation, we employed the model of glucose starvation.
In the present study, all three types of bacteria were cultured in nutrient-rich medium until OD 600 = 0.7 and then transferred in the medium lacking glucose or any other source of carbohydrates. As shown in Figure 3 , protein CoAlation was at a very low level in bacteria cultured in nutrient-rich medium, but strongly induced under the condition of glucose starvation for 60 and 120 min. The pattern of CoAlated proteins in glucose-starved E. coli and B. megaterium was similar, but differed significantly from that in S. aureus. Comparing the pattern of CoA-modified proteins induced by glucose starvation and the treatment with oxidizing agents revealed little similarity in all three types of examined bacteria, indicating the involvement of different redox-sensing and responding strategies.
We then examined whether protein CoAlation induced by glucose starvation can be reversed with the re-addition of glucose to starved bacterial cultures. The results presented in Figure 3 clearly indicate that supplementing cultures of glucose-starved bacteria with glucose for 30 min resulted in near complete deCoAlation of CoA-modified proteins. Exponentially growing bacteria were treated with 2 mM diamide for 30 min. The medium was then replaced with fresh media without the oxidant and cells were incubated for the indicated times. Protein CoAlation was examined by anti-CoA immunoblot.
Mass spectrometry-based identification of CoAlated proteins in diamide-treated S. aureus
Extensive protein CoAlation which we observed in Gram-negative and Gram-positive bacteria in response to oxidative and metabolic stress encouraged us to identify CoA-modified proteins using the developed methodology [22] . Our efforts were focused on determining the identity of CoAlated proteins in S. aureus under diamide-induced disulfide stress. Exponentially growing S. aureus were treated with 2 mM diamide for 30 min and protein extracts were prepared as described in Experimental procedures. In brief, to prevent in vitro modification of protein thiols by free CoA, 25 mM NEM was added to the lysis buffer. Extracted proteins were digested with Lys C/trypsin in the presence of IAM and CoAlated peptides were immunoprecipitated with anti-CoA antibody. Then, immune complexes were incubated with Nudix 7 hydrolase to remove the ADP moiety of CoA and to produce a distinctive MS/MS fragmentation signature of Cys + 356, corresponding to covalently attached 4PP (4 0 -phosphopantetheine). Representative MS/MS spectrum of a cysteine-containing peptide from SaGAPDH is shown in Figure 4A . In total, the LC-MS/MS analysis revealed the identity of 440 CoAlated cysteine-containing peptides which correspond to 356 proteins in the S. aureus proteome (Table 1) . Bioinformatic pathway analysis revealed that a large number of CoAlated proteins are involved in major metabolic pathways, regulation of transcription, protein synthesis and stress response ( Figure 4B ). Among identified proteins, we found those which use CoA as the covalent intermediate in catalytic reactions or function as CoA-regulated proteins. These include succinate-CoA ligase, acyl-CoA ligase, HMG-CoA synthase, an acetyl-CoA carboxylase and acyl-CoA dehydrogenase.
Furthermore, the prevalence of hydrophobic and positively charged amino acids flanking modified cysteines was observed when linear amino acid sequences and available 3D structures of CoAlated proteins were examined using computational methods (manuscript in preparation). To sense and overcome the oxidative stress, S. aureus employs oxidation-sensing transcriptional regulators, such as MgrA, SarZ and SarA, and the quorum-sensing Agr system which controls global gene expression via the redox-active Cys residues [44, 45] . It was interesting to find redox-sensing transcriptional regulators detected among CoAlated proteins. In total, 16 CoA-modified peptides from 12 transcriptional regulators, including SarR, CtsR, AgrA, PerR and SarS, were found in diamide-treated S. aureus. Induction of the CtsR and PerR regulons in NaOCl-treated B. subtilis was found to be indicative of the disulfide stress response [46] . PerR exists in Gram-positive bacteria as a functional homolog of OxyR and functions as a sensor of oxidative stress. PerR possesses four cysteine residues, which are involved in Zn coordination, dimerization and DNA binding. One of these cysteines, Cys142, was found to be CoAlated in diamide-treated S. aureus. The effect of PerR CoAlation on its DNA-binding and transcriptional activities in response to oxidative and metabolic stress remains to be investigated.
The quorum-sensing transcriptional regulator AgrA was CoAlated on Cys6 and Cys199 in diamide-treated cells. The oxidation-sensing role of Cys199 in AgrA was revealed in mutational, biochemical and mass spectrometric analyses [47] . The formation of the intracellular disulfide bond between Cys199 and Cys228 was shown to cause the dissociation of AgrA from DNA. It would be interesting to examine the pattern of AgrA CoAlation in S. aureus exposed to different stresses, including nitrogen and carbohydrate deprivation, exposure to heat, UV and oxidizing chemicals. Furthermore, in vitro CoAlation of recombinant AgrA at Cys199 has the potential to modify its DNA-binding and transcriptional activities.
Other targets of protein CoAlation are antioxidant proteins, including thioredoxin (Trx), alkyl hydroperoxide reductase C (AhpC), thiol peroxidase (Tpx), malate : quinone oxidoreductases 1 and 2 (Mqo1/2), FAD-binding protein oxidoreductase (HMPREF0769_10247) and Fe-S oxidoreductase (YtqA). In Tpx, diamide-induced CoAlation occurs on the active site Cys60 and the relevance of this modification is yet to be fully understood. Interestingly, Tpx peroxidase was shown to be S-mycothiolated at Cys60 in Corynebacterium glutamicum and its activity inhibited by in vitro S-mycothiolation [42] .
In addition, many ribosomal proteins were found to be CoAlated, including L12, S12, L14, S18, L32, L33 and L36. Recently, ribosomal proteins L33 (RpmG3) and L36 (RpmJ) were found to be S-bacillithiolated within the CXXC motifs at conserved Zn-binding sites in S. aureus treated with NaOCl [25] . Oxidation of cysteines in ribosomal proteins, especially in the CXXC motif, was reported in various studies, and it has been suggested that disulfide stress could lead to a stalling of the ribosomes and thus, to the release of the alarmone ppGpp [48, 49] . Furthermore, glutathionylation of ribosomal protein S12 was found in oxidatively stressed human T lymphocytes, but the importance of this modification has not been investigated [50] . The identification of many ribosomal proteins as targets for CoAlation may suggest the inhibitory effect of this modification on protein biosynthesis under oxidative stress. The largest functional group of CoAlated proteins includes metabolic enzymes that function in diverse anabolic and catabolic pathways for carbohydrates, amino acids, nucleotides, fatty acids, coenzymes and antioxidants ( Figure 4B and Table 1) . Among CoAlated proteins, we found key players of the citric acid cycle, glycolysis, gluconeogenesis, glycerol catabolism and the glyoxylate shunt. These included glyceraldehyde-3-phosphate dehydrogenase 2 (GapA2), pyruvate kinase (Pyk), ATP-dependent 6-phosphofructokinase (PfkA), acetate kinase (AckA), alcohol dehydrogenase (Adh), aldehyde dehydrogenase 1 (AldA1), triose phosphate isomerase (TpiA), manganese-dependent inorganic pyrophosphatase (PpaC), fructose-1,6-bisphosphate aldolase (Fbp), glycerol kinase (GlpK), inosine-5 0 -monophosphate dehydrogenase (GuaB), malate dehydrogenase (Mdh) and others. In the list of CoAlated metabolic enzymes, we found several enzymes, which are known to be modified by other LMW thiols, including glutathione, bacillithiol and mycothiol. For example, GAPDH, GuaB and AldA were shown to be S-bacillithiolated in S. aureus under NaOCl stress [25] . Mycothiolation of GuaB and Fbp in C. glutamicum treated with NaOCl was previously reported [34] . In Gram-negative bacteria, GAPDH, TpiA and PpaC were shown to be glutathionylated in oxidative stress response [51, 52] . Extensive CoAlation of metabolic enzymes in response to oxidative stress may reflect the potential involvement of CoA in regulatory and/or feedback mechanisms which control metabolic pathways by balancing the redox state.
In vivo CoAlation of SaGAPDH in response to various oxidizing agents
GAPDH homologs in eukaryotic and prokaryotic cells have been found in numerous studies as targets for oxidation and subjects for redox-controlled post-translational modifications, including S-glutathionylation, bacillithiolation and mycothiolation. These modifications were mapped to a strictly conserved catalytic site cysteine and shown to inhibit the activity of GAPDH, and to protect the catalytic cysteine from irreversible overoxidation. Two homologs of GAPDH have been identified in S. aureus, termed GAPDH1 and GapA2. In the present study, diamide-induced CoAlation was shown to modify the GapA2 isoform at a non-catalytic Cys202. Protein sequence analysis revealed that trypsin/Lys C digestion of SaGAPDH and GapA2 would produce very long peptides, containing catalytic active cysteines 151 and 153, respectively, making their analysis by LC-MS/MS less feasible. To date, detailed structure-function analysis has been carried out mainly for the SaGAPDH isoform. Therefore, we investigated SaGAPDH CoAlation in vitro and in vivo, and examined the effect of this modification on its activity. Initially, our efforts were focused on validating in vivo CoAlation of SaGAPDH in response to diamide and testing the effect of other oxidizing agents. To do so, E. coli transformed with the pQE3/SaGAPDH plasmid were grown at 37°C in LB medium to mid-log phase (OD 600 = 0.7) and induced with 0.1 mM IPTG for 3 h at 30°C. Bacterial cultures were then treated for 30 min at 37°C with 2 mM diamide, 10 mM H 2 O 2 and 100mM NaOCl. Ni-NTA Sepharose was used to capture His-SaGAPDH from lysed cells and the pulled-down proteins were analyzed by SDS-PAGE and immunoblotting with anti-CoA antibody. As shown in Figure 5A (right panel), the level of pulled-down His-SaGAPDH was nearly the same in all examined samples. No CoAlation of His-SaGAPDH was detected in control cells, while the treatment of cells with 2 mM diamide induced strong CoAlation of His-SaGAPDH. The strongest CoAlation of His-SaGAPDH was observed in response to NaOCl and a weak immunoreactive signal was detected in H 2 O 2 -treated cells.
Next, we investigated the effect of in vitro CoAlation on the activity of SaGAPDH. In the present study, recombinant His-SaGAPDH was purified by Ni-NTA Sepharose chromatography from E. coli transformed with the pQE3/His-SaGAPDH plasmid. To produce CoAlated SaGAPDH, an in vitro CoAlation assay was performed in the presence of recombinant SaGAPDH and CoASSCoA. Immunoblotting of reaction mixtures with the 1F10 antibody revealed a strong immunoreactive signal corresponding to the SaGAPDH sample incubated with CoA disulfide ( Figure 5B ). No immunoreactivity was detected in the sample separated under reducing conditions (100 mM DTT). The LC-MS/MS analysis of in vitro CoAlated SaGAPDH showed that catalytic Cys151 is CoAlated in the LDGSETVVSGASC*TTNSLAPVAK peptide ( Figure 5C ).
In vitro CoAlation of SaGAPDH prevents irreversible inhibition of its enzymatic activity by H 2 O 2 GAPDH homologs in eukaryotic and prokaryotic cells have been shown to be readily inhibited by a variety of ROS and the inhibitory effect is mediated by direct oxidation of the catalytic active cysteine located in a highly conserved CTTNC motif. Studies from several laboratories revealed that SaGAPDH is very sensitive to irreversible oxidation to sulfonic acid when S. aureus is treated with 100 mM H 2 O 2 [25, 53] .
We initially examined a dose-dependent inhibition of recombinant SaGAPDH with H 2 O 2 . Purified His-SaGAPDH was incubated in the absence or presence of 1 μM, 10 μM, 100 μM, 1 mM or 10 mM H 2 O 2 for 10 min before the activity was measured spectrophotometrically, as described in Experimental procedures. As shown in Figure 6A , exposure of SaGAPDH to 10 μM H 2 O 2 results in a ∼50% decrease of its catalytic activity. The presence of 1 mM H 2 O 2 in the reaction mixture resulted in 95% inhibition, while 10 mM H 2 O 2 completely blocked SaGAPDH activity. These data indicate that SaGAPDH is efficiently inhibited by ROS-mediated direct oxidation of its catalytic active cysteine. Further analysis revealed that the inactivation of SaGAPDH activity by 10 mM H 2 O 2 was only partially reversible, as only 40% of SaGAPDH activity could be recovered with 10 mM DTT ( Figure 6B ). The addition of DTT to the untreated sample of SaGAPDH increased its activity by ∼50%, indicating partial and reversible oxidation of recombinant preparations of His-SaGAPDH during the storage.
Next, we investigated the effect of CoAlation on SaGAPDH catalytic activity. As shown in Figure 6C , in vitro CoAlation of SaGAPDH resulted in 90% inhibition of its activity. The inhibitory effect of CoAlation on SaGAPDH activity was completely reversed by the addition of 10 mM DTT to the reaction mixture. In line with these results, we have recently reported significant inhibition (∼80%) of mammalian GAPDH by in vitro CoAlation, which was fully reversed by DTT [22] . These findings prompted us to examine whether CoAlation can protect SaGAPDH catalytic activity against irreversible overoxidation by H 2 O 2 . In the agreement with the above findings, SaGAPDH was fully inactivated with 10 mM H 2 O 2 and the addition of 10 mM DTT recovered only 40% of the enzymatic activity ( Figure 6D ). We subsequently found that in vitro CoAlation of SaGAPDH before exposure to 10 mM H 2 O 2 resulted in nearly 100% recovery of its activity with DTT. These results indicate that SaGAPDH CoAlation can prevent irreversible overoxidation of the catalytic Cys151 under the oxidative stress.
Analysis of GAPDH/CoA interaction by MD simulation
In the glycolysis pathway, GAPDH functions to convert glyceraldehyde 3-phosphate to the energy-rich intermediate 1,3-bisphosphoglycerate and uses inorganic phosphate to harness the energy into NADH [54] . Biochemical, mutational and crystallographic studies of GAPDH from prokaryotic and eukaryotic cells have H 2 O 2 and NaOCl, we hypothesized that the ADP moiety of CoA may also be involved in mediating the interaction with SaGAPDH by occupying the vacant nucleotide-binding pocket. To investigate the binding mode between CoA and SaGAPDH, we performed MD simulations. In the present study, the structure of the CoA : GAPDH complex was modeled onto the GAPDH structure with NAD + (PDBID: 3LVF). The adenine moieties of both cofactors were aligned to start from a structure with CoA bound in the NAD adenine-binding site. CoA remains firmly bound to the protein during a long 400 ns MD run in explicit solvent, suggesting that CoA can indeed bind to the NAD + binding site. As (un)binding events can occur on a wide range of timescales, from μs to hours, they cannot be captured by the limited timescales accessible to standard MD simulations. For this reason, we employed metadynamics to enhance the sampling and accelerate the occurrence of these rare events. The free energy landscape reconstructed after a 400 ns metadynamics run is shown in Figure 7A . In this map, the most stable conformation (labeled MD-A) has CoA-folded onto itself and occupies the deep cavity in proximity of the nicotinamide-binding site. In this conformation, the CoA thiol group is quite close to catalytic Cys151 (at ∼7-8 Å, highlighted as a red sphere in the figure) . A nearby secondary minimum (MD-B) is also present, structurally similar to A, but for which the CoA thiol group and Cys151 are within bond distance (SH-SH distance of 4 Å). This conformation is only 1.8 kcal/mol higher in energy, suggesting that interactions between the CoA thiol and Cys151 are not only possible, but might lead to covalent binding. An alternative metastable basin (MD-C) is also observed in the free energy map. In this conformation, CoA is bound to the NAD + adenine-binding site, as in the starting X-ray structure. As in the case of MD-B, this minimum is very close in energy to lowest basin MD-A, being only 1.3 kcal/mol less stable. Interestingly, CoA can approach Cys151 also from this conformation, by assuming a bridge conformation that connects the adenine-and nicotinamide-binding sites (labeled MD-D in Figure 7A ).
In the holoenzyme structure, the NAD + occupies the nucleotide-binding pocket and prevents the formation of bonds with the ADP moiety of CoA. The absence of NAD + in the apoenzyme structure allows this ADP moiety to occupy the nucleotide-binding pocket.
Taken together the above findings and published studies in the literature, we propose that the interaction between CoA and the oxidized form of GAPDH is facilitated by the ADP moiety of CoA which can occupy the vacant nucleotide-binding pocket, while permitting the pantetheine tail of CoA to form a covalent disulfide bond with Cys151.
Discussion
The presence of a highly reactive thiol group and the ADP moiety in the CoA structure offer diverse functions in biochemical processes. Using a thiol group, CoA reacts with carboxylic acids to form diverse thioesters, thus functioning in cellular metabolic processes as a master acyl group carrier. It also functions as a carbonyl-activating group in numerous anabolic and catabolic processes, including the citric acid cycle and fatty acid metabolism. In addition, CoA provides the 4-phosphopantetheine prosthetic group to proteins that play key roles in fatty acid, polyketide and non-ribosomal peptide biosynthesis. A novel unconventional function of CoA in redox regulation, involving oxidative S-thiolation of cellular proteins (termed protein CoAlation), has recently emerged as a new research field [22] . In this original study, extensive protein CoAlation was observed in mammalian cells and tissues in response to oxidative and metabolic stress. Developed research tools and a mass spectrometry methodology allowed the identification of 587 CoAlated proteins under various experimental conditions in cell-based and animal models ( [22] and unpublished data). Bioinformatic pathway analysis of CoAlated proteins showed that they are involved in diverse cellular processes, including metabolism, protein synthesis and stress response. Furthermore, catalytic activities of several metabolic enzymes, including creatine kinase, isocitrate dehydrogenase 2, pyruvate dehydrogenase kinase 2 and GAPDH, were shown to be inhibited by in vitro CoAlation. Here, we demonstrate for the first time that protein CoAlation also occurs in prokaryotic cells and is associated with redox regulation. Evidence is provided that exponentially growing Gram-negative and Gram-positive bacteria exhibit a basal level of protein CoAlation, while exposure to oxidizing agents and glucose deprivation induce strong covalent protein modification by CoA in a DTT-sensitive manner.
The intracellular concentration of CoA and its derivatives in bacteria varies from 0.4 mM in E. coli to low millimolar level in S. aureus [1, 56, 57] . The level of CoA and the ratio between CoA and its thioesters fluctuate depending on the growth conditions and are regulated by the availability of nutrients, intracellular metabolites and the exposure to stress. In exponentially growing E. coli, four CoA species (CoASH, acetyl CoA, succinyl CoA and malonyl CoA) compose the bulk of the CoA pool, where acetyl CoA is the dominant component (79.8%) and the level of CoASH is significantly lower (13.8%) [57] . When glucose in the medium is depleted,
